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Large deviations and fluctuation theorem for the quantum heat current in the spin-boson model
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We study the heat current flowing between two baths consisting of harmonic oscillators interacting with a
qubit through a spin-boson coupling. An explicit expression for the generating function of the total heat flowing
between the right and left baths is derived by evaluating the corresponding Feynman-Vernon path integral by
performing the noninteracting blip approximation (NIBA). We recover the known expression, obtained by using
the polaron transform. This generating function satisfies the Gallavotti-Cohen fluctuation theorem, both before
and after performing the NIBA. We also verify that the heat conductance is proportional to the variance of the
heat current, retrieving the well-known fluctuation dissipation relation. Finally, we present numerical results for

the heat current.
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I. INTRODUCTION

The flow of a nonvanishing macroscopic current of energy,
charge, matter, or information that breaks time-reversal invari-
ance is a fingerprint of nonequilibrium behavior. A paradig-
matic model for such a situation consists of a small system,
with a finite number of degrees of freedom, that connects two
large reservoirs in different thermodynamic states. The ensu-
ing stationary state can not be described by the standard laws
of thermodynamics: in particular, the steady-state statistics
are not given by a Gibbs ensemble. The theoretical analysis
of simple models, whether classical or quantum, provides
us with a wealth of information about far-from-equilibrium
physics and has stimulated numerous studies in the last two
decades [1-8].

Quantum systems based on nanoscale integrated circuits
are very effective for the study of quantum phenomena and
are good candidates for possible applications. This is due to
their macroscopic size and the ensuing ability to manipulate
them. For any application minimizing or controlling the heat
flow is essential. Therefore there has been a great deal of ex-
perimental [9-16] and theoretical interest [17-20] in studying
the heat flow in such circuits. The vast majority of theoretical
studies have been focused on the weak coupling regime, for
which well-controlled approximation schemes are available.
For example, in the case of a small system interacting with
an environment, it is possible to integrate out the bath from
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the full dynamics and express the resulting system dynamics
in terms of a Lindblad equation [3,4,21]. In this case, heat
currents can be studied in terms of energy changes of the
system. However, the weak coupling assumption deviates
from exact treatments quantitatively and qualitatively already
at moderately low couplings [22].

There have been various earlier studies in the strong cou-
pling regime. Based on the polaron transform, the authors
of Ref. [23] obtained an analytical expression for the heat
current through an N level system. The polaron transform
provides a shortcut for the noninteracting blip approximation
(NIBA) [24,25]. The full generating function for a spin-
boson system was derived, using the polaron transform, in
Refs. [26,27] and reviewed in Ref. [28]. The authors of
Refs. [29-31] derived a nonequilibrium polaron-transformed
Redfield equation that unifies strong and weak coupling be-
havior. In Refs. [32-34] the authors start from the generating
function of the heat current to study its first moment. Numer-
ical studies include simulations based on hierarchical equa-
tions of motion [35-40] the quasiadiabatic propagator path
integral (QuAPI) [41,42], the iterative full counting statis-
tics path integral [43], the multiconfiguration time-dependent
Hartree (MCTDH) approach [44], the stochastic Liouvillian
algorithm [45], and other Monte Carlo approaches [46]. Other
recent contributions are Refs. [15,47-52].

In this paper we consider a qubit coupled to two (or more)
thermal baths. We derive the full generating function for
the spin boson by directly applying the noninteracting blip
approximation (NIBA), without passing through the polaron
transform as was done in the original derivation [26,27]. We
show that we recover the result by Refs. [26,27]. Following
Ref. [34], this generating function can be written explicitly
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as Feynman-Vernon-type path integral. Relying on a modified
version of the NIBA, an expression for the first moment
of the generating function, i.e., the average heat current,
was obtained by directly applying the NIBA in Ref. [34].
Furthermore, we discuss the Gallavotti-Cohen relation (see
Refs. [7,53-57] and references therein), which holds before
and after the NIBA, as derived in Refs. [26,27], in terms of an
explicit time reversal. Finally, we find a fluctuation-dissipation
relation between the variance of the heat current and the
thermal conductance.

The paper is structured as follows. In Sec. II, we briefly in-
troduce the spin-boson model that we will analyze. In Sec. 111,
the generating function of the heat current is calculated after
performing the NIBA approximation. In Sec. IV we discuss
the Gallavotti-Cohen relation before and after the NIBA. In
Sec. V we invert the Laplace transform of the generating
functions for small « and obtain a fluctuation-dissipation
relation between the variance of the heat current and the heat
conductance. Finally, in Sec. VI we numerically evaluate the
first moment of the generating function. Technical details are
provided in the Appendixes.

II. MODEL

The spin-boson model is a prototype for understanding
quantum coherence in presence of dissipation [58-62]. It
can be viewed as a variant of the Caldeira-Leggett model in
which a quantum particle interacts with a bath of quantum-
mechanical oscillators. In the spin-boson model, a two-level
system modeled by a spin-1/2 degree of freedom is put in
contact with one or more heat-baths. The literature in the
subject is vast and we refer the reader to some reviews and
to the references therein [2,62-64].

In this paper, we will study two baths made of harmonic
oscillators that interact with a qubit via the spin-boson interac-
tion. Although there is no direct interaction between the baths,
energy will be transferred through the qubit. The Hamiltonian
governing the total evolution of the qubit and of the baths is
given by

H = Hs + Hr + Hg + His + Hpgs. Q)

The qubit Hamiltonian is given by

A €
HS = —hEO'x + EO'Z. (2)

The left bath and right bath Hamiltonians are given by

2
_ PhiL 1 2 2
H; = Z T + Em;,,Lwh,th’L 3)
beC ?
2
Hy =" TP gy i i (4)
beR Zmb,R 2 ’ ’ ’

Finally, the system-bath interactions are of the spin-boson
type [62]

Hys = —02)_ CorqnL ®)
belL

Hgg = —0, Z Cy,Rqb,R- (6)
beH

The effects of the environment are embodied in the spectral
density of the environmental coupling [2] (one for each bath):
CR /L) 2
JRIL 4y — (%
@=2, 5

My
berjL < P*P

8(w — wp). @)

We will assume a Ohmic spectrum with an exponential cut-off
determined by the frequency 2

2 w
JRE (@) = ;nR/La)exp (—5) ®)

We denote by U; the unitary evolution operator of the total
system and assume that the baths are initially at thermal
equilibrium and are prepared in Gibbs states at different
temperatures. For an initial state of the qubit |{) and a fi-
nal state |f), the generating function of the heat current is
defined as

Gif(@, 1) = trRL(f|ei(aRHRJrDtLHL)/hUte*i(dRHRerLHL)/h

x (0, ® pge @ 1) AN U1 f), ©9)

with @ = (ag, ar). The trace is taken over all the degrees of
freedom of the baths. This generating function will allow us
to calculate all the moments of the heat current: for example,
by taking the first derivative of o, and setting & to zero gives
the change in expected energy of the cold bath

—ih0y, Gi r(0)|a=0 = trg L [H p(t)] — tr[HL p(0)] = AE}.
(10)

III. CALCULATION OF THE GENERATING FUNCTION

The full generating function (9) was calculated in
Refs. [26,27] using the polaron transform. In this section we
aim to perform this calculation by explicitly applying the
NIBA to (9). The first step of the calculation is to rewrite
the trace in Eq. (9) as a Feynman-Vernon-type path inte-
gral [2]. After integrating over the left and the right bath, see
Appendix A, the expression for the generating function is
given by [34]

Gi,f(&,t)=/ dXdYerHX =S x v, (11)
if

where F; is the influence functional. The paths X and Y are
the forward and backwards path of the qubit, they take values
+1. The forward path X corresponds to the forward evolution
operator U, in (11), and Y corresponds to U,T. In the absence
of interactions with the baths, the dynamics of the qubit are
fully described by the free qubit action Sy

SolX] = —%/th(t)—ilog(iAdt/Z)/|dX(t)|. (12)

The integral | |dX (1)| counts the amount of jumps in the path.
Thus, when the path X makes n jumps, the second term gives
the weight (iAdt/2)". The effect of the influence functional
is to generate interactions between the forward and backward
paths; it also embodies the dependence on the parameters &.

i(gC R Ve R
FalX. Y] = ef Sl YIS XY D = f (S5, IXYIHST, XYD (13)
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where the real part of the interaction action is given by [65]
SK X, Y] = f dt / ds((X,X, + YYOKM (1 — 5)

— XtYskf/ t—s+ OlR/L)
— XYk — s — agy)) (14

and the imaginary part is defined as

l SOR/L

SR X, Y] = / dt/ ds((X, X, — VYO (¢ —5)

+ XYk = 5+ amyr)

— XYkt — s — agyL)). (15)
The kernels that appear in these expressions are
. ()
K —s)=Y —21 sinfwp;j(t —s)]  (16)
Xb: Zmb,ja)b,j I
and
; €,) foy By .

k(@ —s)= ;Zmewa coth > sin[wy, ;(t — )],

a7

for j =R, L. The integral of the bath degrees of freedom
being performed, the generating function is given as the qubit
path integral (11) over two binary paths. This remaining
expression can not be calculated exactly; in the next section,
we will evaluate the generating function by resorting to the
noninteracting blip approximation (NIBA).

Performing the NIBA

Originally, the idea of the NIBA was proposed in Ref. [60],
see also Ref. [62], to compute transition probabilities between
states of the qubit: this corresponds to taking o = 0 in (9). The
paths X and Y being binary, there are only two possibilities at
a given time: either X =Y, this is a sojourn, or X = -V, this
is a blip. The NIBA approximation relies on two assumptions
(explained in Ref. [62]):

(i) The typical blip-interval time Afg is much shorter than
the typical sojourn-interval time Afg: Atp K Ats.

(i1) Bath correlations decay over times much smaller than
the typical sojourn interval Atg.

For an Ohmic spectrum (8), these assumptions are valid for
two regimes: (i) for e = 0 and weak coupling and (ii) for large
damping and/or at high temperatures [2].

Under these assumptions, the only nonzero contributions
to the time integrals in the interaction part of the action (14)
and (15) are obtained when

(i) t and s are in the same blip interval;

(ii) f and s are in the same sojourn interval;

(iii) ¢ isin a sojourn and s is an adjacent blip interval;

(iv) t and s are both in sojourn intervals separated by one
blip.

Other terms cannot contribute since then ¢ and s will be
situated in intervals separated by at least one sojourn, which
does give a contribution under assumption (ii).

The strategy to perform the NIBA is to break up the
integrals (14) and (15) over the whole time interval into a
sum of the surviving parts, which can be evaluated separately.
In the present work, we extend the NIBA to include nonzero
o (see also Ref. [34]), which leads to a time shift in some
of the kernels in the action (14) and (15). In the framework
of our approximation, we consider values of ag/r, such that
ag/r <K Ats. Following the same reasoning as for ag/r, = 0, it
is clear that under said additional assumption, the same terms
as before have a chance of being nonzero. In Appendix B, we
explicitly calculate the five different surviving terms' after the
NIBA. The resulting expression for the generating function
can be written in terms of a transfer matrix M («, t):

Gy (@, 1)+ Gy (@, t)
+00 A 2n
=(1 1 D" — dt; ...doh,M(a, Aby,
( )2( )(2) /rl 2wM(er, Aty,)

x M(a, Atyy—2) ... M(e, At2)<(1)>, (18)

where Aty; = t; — t2;_1. The transfer matrix M is given by

Ve _of AD  -BG.D o
@O=2\_c@n bpw ) 1)

Note that only the off-diagonal elements of the transfer matrix
depend on «. The functions A, B, C, and D that appear as
matrix elements in M are determined once the NIBA has been
performed. Their values are given by

1
A(t) = cos ﬁ[z;(;) +Z5 ) — Et]e*%lrm)w;(z)l (202)
B(@, 1) = e i @)+ Tg (@r) 2R, (1. +Re(ep.0)]
1
X COS ﬁ[Z[(aL, 1)+ 2iF (o, t) + Zg (ag, t)

+ 2iFp(ay, t) + €t]
C(O? 1) = e—%[F[(OlLJ)+FE(OlR»t)+2i(RL(aLJ)+RR(0¢RJ)]

(20b)

1
X €O$ E[ZL_(OIL, 1)+ 2iF (o, t) +Zg (ag, )

+2iFg(ar, t) — €t] (20c)

1 +
D(t) = cos g[ZL*([) + Z;(t) + et]e’%[rl‘ (t)+l"f§(t)]. (20d)

All the auxiliary functions Zf, Ff, Rj, and F;, where the
index j = L, R refers to the left or the right bath, are deter-
mined in Appendix B. Assuming a Ohmic spectral density
with exponential cutoff with frequency Q2 (7), the explicit
expressions of these functions are given in the following
equations:

2n; [ in(wt
zr =4 / doo S o2 1a)
T 0 w

'For ¢ the blip can be before or after the sojourn. These give
different contributions and are calculated separately. Hence there are
five different surviving terms.
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FIG. 1. Behavior of the functions (22) appearing in the def-
initions of the matrix elements (20) for « =1, n =1 and B =
(0.1 Kkg)~".

2 . o0
Z; (@)1 = ﬂf do
T Jo

2n; [ 1 — t hp;
@) = mill} do cos(® )coth @h; e /%
J 0 w 2

sin(wt)

cos(wa,)e /% (21b)

T
(22a)
= 28 [ (Lt
T Jo @
h .
coth (”Tﬂf) e/ 9) (22b)
. &9} 1 .
Rty =1 [ o @) oo (23a)
T Jo
whp;
Y coth 1
Fi(a.1) = ﬂ/ da)#sin(wt)sin(waj)e*“’m.
T Jo w
(23b)

The behavior of these functions is shown in Fig. 1.
We will denote by ¢ the Laplace transform of a function
¢(&, 1), defined as follows:

d@, ) = /oodt e M@, ). (24)
0

Then, taking the Laplace transform of (18) leads us to
G1(@, 1)+ Gry (@, 1)

-1 <« n A 2 Y 1
=2"'a 1 Z(—l) (3) AT"M (a, A) <0>.

n=0
(25)

We call Ap(@,A) and A_(&,A) the eigenvalues of the
2 x 2 matrix M(@, 1), with corresponding left eigenvectors
vo(a, A) and v_(@, A) and right eigenvectors w (&, A) and
w_(&, A). We can write M" in terms of it eigenvectors and
eigenvalues as

M" = A% (@, w (@, (@, 1) + 2@, Hw_(@, v’ (@, 1).
(26)

(fIU]5) X(t)

i € 3 f
Gl Y(t)
(@ UL f) Xr(t)

fC Y
(f1Uf13) Yr(t)
t; 7

FIG. 2. Illustration of the (top) forward spin-state paths and the
(bottom) time-reversed paths.

‘We have
re@@, M) =AM+ D)

+ \/(A(x) — D)2 +4B@, MHC@,»). (27)

Finally, the Laplace transform of the generating function takes
a simpler form in the eigenbasis of M:

Gyr(@,A) + Gy (@, 1)

_ Q+(&a A') Q—(&a )")
- A 2 N A 2 N k) (28)
A () @+ (8@
where we defined the amplitudes
0. =1 Duwsvl (5) 29)
Using the relations
ZRj(ozj,t):I:Z_(ozj,t)=Z+(ocj:|:t) (30a)
2Fi(aj, t) £ T (), t) = F+(aj:|:t) (30b)

one can check that Eq. (28) recovers the result derived by
Refs. [26,27].

IV. FLUCTUATION THEOREM PRE- AND POST-NIBA

The authors of Ref. [26] proved a fluctuation relation for
the generating function after the NIBA was performed. They
showed that the leading eigenvalue of the transfer matrix M
is invariant under & — (B, Br) — &@. Here we show said
fluctuation relation directly on M by considering a proper time
reversal.

A. Time reversal

There are multiple ways to define a time reversal for a
stochastic process, see Ref. [66]. In this work, we define a
reversal for the qubit state paths X (¢) and Y (¢) as

Xp(t) =Y(Ur+1—1)
Yr(t) = X(tf +1; — 1),

see Fig. 2. In the time-reversed path the forward and backward
path interchange and run from #; to #;. To illustrate this time
reversal, let us note that for @ = 0, the generating function (9)
can be written as

G r(0) = trg.c(pp, ® P ilUILYFIUTTY).  (32)

(31a)
(31b)
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Expressing the trace as a path integral and computing the trace
over the bath variables gives

G ;(0) = f dXdYe iKY x v (33)
if

with influence functional

FrlX, Y] = o7 TRt ST Y 1= 7 (S SR YT (34)
where we defined the real part of the action as
SKIX. Y] = f " ar f t ds((X.X, + YY)k (t — s)
4 i
— XYk —5) = XYk =) (35)

and the imaginary part
ty t
st v = [ [ as(nr - XXk o - )
t ti

+ XYk = 5) = XYk - 5). (36)

Now taking X (t) — Xg(¢) and Y (t) — Yg(¢), retrieves the
expression for the generating function (11) for @ = 0.

B. Gallavotti-Cohen symmetry
Let us define the time-reversed generating function as

G?f(“R’ o, 1) = trR’L(l'|ei(aRHR+01LHL)/hUtTe_i(O‘RHR+aLHL)/h

X (pg, ® pge ® [F){fDULI).

Before performing the NIBA, it is straightforward to show
from the definition of the generating function (11) and (37)
that the Gallavotti-Cohen relation holds:

Gif(iBrh — ag. ifLh — ar. 1) = Gl(ag. ap. 1),

see Ref. [57] for a detailed discussion on the Gallavotti-Cohen
relation for interacting systems. After integrating out the bath,
the above equation can be checked using the time reversal
defined in (31).

It is possible to show that the Gallavotti-Cohen rela-
tion (38) still holds after performing the NIBA. In order to
do so we perform the NIBA on the time-reversed generating
function G’;l.(ozR, ar, t) following the same procedure as out-
lined in Sec. III. The result is of the form (18), with transfer

matrix
—C(a,t)
Al )

On the other hand, one can calculate that

(37)

(38)

D(@t)

—B(a,t) 59

M(&,x):z(

A(t)

M(R(Br, BL) — @, t) = 2(_3(&, 1)

—C(a,t)
D() ) (40)

Note that in the time reversal (31), we interchange the mean-
ing of X and Y, as illustrated in Fig. 2. Interchanging the roles
of X and Y means flipping the diagonal elements in transfer
matrix. Thus M[i%i(Bg, Br) — @, t] and M(@, t) are equiva-
lent, proving that the Gallavotti-Cohen relation remains true
after the performing the NIBA, as was shown by Ref. [26].

V. FLUCTUATION-DISSIPATION RELATION

In this section we aim to calculate the first and second
moment of the heat current in the steady state. In steady
state we only need to focus on one bath as the magnitude
of the heat current is the same for both baths. Therefore,
let us set ag = 0 and write @ = oz. We invert the Laplace
transform of the generating function up to second order in «.
This allows us direct access to the first and second moment of
the heat current. In order to be self-contained, in Appendix C
we present a derivation of the thermal conductance « (C16),
which will appear in the fluctuation-dissipation relation.

Concretely, we look for poles of Eq. (28), by constructing
a function

AMa) = ro + Mo + ra® 4+ 0@d), 41)

which solves

A 2
AMa) + (E) A, M) =0 42)

at all orders in «. Hence for small «, we have, in the long time
limit

At
Gifla.1) = Res< O-(2,4) ,\(a)>

Ma)+ (2 A (a, 1)

_ 0 o, a@)] @)

1+ (5)%hfor Ae)]
(Note that in the large time limit the contribution of the A is
exponentially subdominant). Keeping in mind that A_(0, A) =
0, the zeroth order of Eq. (42) gives.

Xo =0. (44)
Equation (42) to the first order in « translates to
AN AN
At <5) A0, xo) + <3) A—(0, 2o)A1, (45)

where the accent denotes the derivative to the first variable and
a dot to the second. The steady-state heat current is given by
—ih);. After some algebra we find that

A\ _
A =i<—> il i (46)
2) hps+po)
where we defined
Cp(t) = e 1L OHZ® (47a)
Cr(t) = e 1TRO+iZE® (47b)

and C‘L(w), Cr(®) their Fourier transforms. The fractions
p+/(p+ + p—) give the steady-state population for the qubit
in the up or down state, with

Py = / dt Cp(t)Cr(1)e'™ (48a)
p_ = / dt CL(t)Cr(t)e ™, (48b)

and the power emitted from the up 7| and down state 74

I/ A .
Ty = —/ dw oCr(w)Cr(e — w) (49a)
27 J_o
o A A
T, = dw wCr(w)Cr(—€ — w). (49b)

27 J_wo
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The convolution in the first line can be interpreted as the
sum over qubit relaxation rates with energy w going to the
left bath and —w + € to the right bath, and the second line
similarly in terms of a qubit excitation [26]. Additionally, we
define

hZ o0
+ 2 A A _
T = o dw w*Cp(w)Cr(e — w) (50a)
T J-co
R [ . .
x = dw 0*Cr(0)Cr(—€ — ).  (50b)

2 oo

Similarly, an expression can be obtained for A,. In equilib-
rium, when Bg = B¢,

A’ p_ T +piT7 +4mmy
4R p++ P '
Writing the explicit expression for Q_[«, A(«)], straight-
forward algebra shows that

O_[a, M) =1+ 0(a?), (52)

dy = (G

and we obtain that the generating function is given by

G: (@) (Mat+ra®+0(e@)) 1 AN?
irld) =e — | =
S )

x [A.(0,0) 4 1”0, 0)r; ]

A\, ?
+ <<3> A0, 0)) o’
AN
- <3> A" (0, O)a2+0(a3)}.

The first moment of the heat current is
(AE) = —ihth, (53)

which correctly leads to the heat current defined in (C3). The
variance of the heat current is then given by

Var[AE] = — Rt{21, — 2[1"_ (0, 0)

+ 2200, 0a1)1n} + O@). (54
In equilibrium, A; = 0, we find that
1
lim —Var[AE] = —2h%A, (55)
t—oo
A?p_TF T +4
_ AT A e HAmm (56)
2 D+ +p—
Comparing to (C16), we find the following identity:
1
lim —Var[AE] = 2k, 67
t—o0 t

which proves the fluctuation-dissipation relation.

VI. NUMERICAL EVALUATION OF THE
GENERATING FUNCTION

In this section we numerically study the heat current pre-
dicted by (18), earlier numerical studies on the spin-boson
model include, e.g., Refs. [23,26-31,67,68].

80
Th—T;, = 0.1K
TR —Ty, = —0.1K

60

7

=

§40'

g 2N
20|/
% 0.5 1 15 2

FIG. 3. Numerical evaluation of the heat current (C1). The purple
lines are for T = 0.2K, 7, = 0.1 K and the blue lines for T; =
0.1K, T, = 0.2 K. The other parameters in the model are ¢ = 1 K x
kg, hA = 0.01€, Q@ = 100€ /A, and n;, = K.

The heat current (C3) is completely determined by the
functions ZZ'/R(I) and FZL/R(t), defined in (22) and (21). For
the Ohmic spectral density J(w) with exponential cutoff (8),

these functions have analytic solutions [62]

ZF(t) = n;tan” " (Q) (58)

hB; t
b sinh n—),

rr@e) = lr;-log(l + Q%) + nilog| —
J 2" ! wt hB;

with j = L, R.

For our numerical analysis we consider the parameters € =
1K x kg, hA = 0.01¢, and 2 = 100€ /A. Figure 3 shows the
absolute value of the heat current to the left bath for a positive
temperature gradient AT = Tz — T, = 0.1 K (full line) and
for a negative gradient —0.1 K (dashed line) in function of
the coupling strength ng, with n; = h constant. The curves
show rectification of the heat current, as was already observed
by Refs. [23,67]: the current changes direction when the
temperatures of the bath are exchanged, but the magnitudes
are not equal.

Let P, be the power to the left bath and PR be the power to
the left bath as the temperatures of the baths are exchanged. To
quantify the amount of rectification, we define the rectification
index as [16]

B max(|PL|, |P§|)
PE])
The rectification index is shown in Fig. 4 for different range
of temperatures of the right bath in function of the coupling
parameter ng. Larger temperature gradients lead to higher
rectification.

The influence of a third bath, with temperature Tr, weakly
coupled to the qubit on the rectification index R is shown in
Fig. 5. The left bath has constant coupling 1, = h, the third
bath has coupling ng = 0.17% and the coupling of the right
bath ranges from 07 to 1.5%. The presence to the third bath
leads to P # —P;, which causes changes in the behavior

(60)

~ min(|P,],
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4 T T T
—Tr = 0.20K
Tr = 0.15K
Tr = 0.14K
3 Tr = 0.13K
Tr = 0.12K
5 ---Tr =0.11K

FIG. 4. Rectification index R, as defined in (60), for different
values of T; and 7, = 0.1 K. The other parameters are given in the
caption of Fig. 3.

of the rectification index R. The black (full) line in Fig. 5
displays the rectification index without the third bath, the
other curves show the rectification under the influence of the
third bath. There are two clear qualitative deviations from the
two-bath situation. First, the rectification no longer reaches a
minimum at ng = 1, the minima are shifted to other values of
nr and even additional minima appear. Second, divergences
occur when the presence of the third bath leads to P, =0
and Pf # 0, or the other way around. For example, at ng = 0
and Tz = 0.1K the power P, = 0, since Tz = T; and there
is no interaction with the right bath. When the temperatures
are reversed, Tg # TR = Ty leading to PR # 0. Theoretical
studies of electronic systems have shown similar effect on the
rectification due the influence of a third bath [69,70], earlier
numerical studies for the three-bath model in the spin-boson
case are in Ref. [68].

— T =0.06K
Tp = 0.10K
Ty = 0.15K
T = 0.20K
Ty = 025K
< ng =0

S, e
| T o e |

1
0 02 04 06 0.8 1 1.2 14
nr/h

FIG. 5. Influence of a third bath on the rectification index R, as
defined in (60). The coupling to the third bath is ng = 0.1%, T; =
0.1K, and Tz = 0.2 K. The other parameters are given in the caption
of Fig. 3.

VII. DISCUSSION

In this paper we have studied the heat current through
a qubit between two thermal baths. Earlier studies per-
formed calculations that were done using the polaron trans-
form [23,26-31], or when explicitly performing the nonin-
teracting blip approximation (NIBA) were focused on the
first moment [34]. Here we rederived the explicit expression
for the generating function of the heat current by directly
performing the NIBA. The Laplace transform of the cumulant
generating function of the heat current is a large deviation
function (or rate function) that allows one to quantify rare
events. In equilibrium, it can be shown that rate functions
are simply related to the traditional thermodynamic potentials
such as entropy or free energy [71]. Far from equilibrium,
large deviation functions can be defined for a large class of
dynamical processes and are good candidates for playing the
role of generalized potentials [7].

In classical physics, a few exact solutions for the large
deviations in some integrable interacting particles models
have been found and a nonlinear hydrodynamic theory, known
as macroscopic fluctuation theory, has been developed [7,8].
In the quantum case, the role of large deviation functions is
played by the full counting statistics (FCS) [72—77] for which
a path integral formulation akin to macroscopic fluctuation
theory has been formulated [78]. The FCS exhibits universal
features and phase transitions [79] and obeys the fluctuation
theorem [80-83]. However, in the quantum realm, exact re-
sults for interacting systems are very rare, among the most
noticeable is a series of remarkable calculations performed for
the XXZ open spin chain interacting with boundary reservoirs
within the Lindblad framework [84,85].

In the present work, our aim was to study the heat transport
in the spin-boson model, starting from the microscopic model
that embodies the qubit and the reservoirs. We hence do
not rely on a Markovian assumption, but eventually that the
tunneling element is small, as is inherent to the NIBA.

Our analysis begins with the exact expression of the gen-
erating function in terms of a Feynman-Vernon-type path
integral from which we derived a full analytical formula for
the generating function of the heat current. We recover the
earlier results derived using the polaron transform [26,27].

As a numerical example we studied the first moment of the
generating function, the heat current. We saw that this shows
rectification when the coupling strength of the qubit to both
baths is not equal, as was already found by Refs. [23,67].
When the temperature gradient is flipped, the current changes
direction, but it does not have the same magnitude in both
directions and therefore breaks the Fourier law of heat con-
duction.

A very important property satisfied by the generating
function is the Gallavotti-Cohen fluctuation theorem that
embodies at the macroscopic scale the time-reversal invari-
ance of the microscopic dynamics. The fluctuation theorem
implies in particular the fluctuation-dissipation relation and
the Onsager reciprocity rules when different currents are
present [53,54,57,86,87].

The fact that the formal definition of generating func-
tion does obey the Gallavotti-Cohen symmetry is rather
straightforward to obtain. This relation remains true after
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the NIBA [26,27]. This means that NIBA respects the fun-
damental symmetries of the underlying model, or equiva-
lently, that the spin-boson problem with NIBA is by itself
a thermodynamically consistent model. One consequence is
that the fluctuation-dissipation relation is retrieved under the
NIBA. Indeed, we explicitly calculated the first and second
moment of the heat. When the temperature difference between
the baths is small, we found the heat conductance « as the
first moment of heat per unit time divided by temperature
difference. The variance of the heat at equilibrium, when both
temperatures are the same, is then per unit time proportional
to k. We emphasize that the Gallavotti-Cohen relation is valid
far from equilibrium and it implies relations between response
coefficients at arbitrary orders [88].
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APPENDIX A: DERIVATION OF EQ. (11)

The expression for the generating function (9) can be
rewritten by defining

H = o orHrrarHy)/h pr ,—i(erHp+ar H)/h

= Hs + H, + Hg + Hs; + Hog (A1)

with

HSL/R = Z Lb e (bbefiwpaL/R +b;€iwba"/R),
bR b,L/R

(A2)

Let U 4,0, be the corresponding evolution operator, the gen-
erating function (9) is

Gip @, 1) =t (f1Urap0 (P ® g ® NN U/ 1)

With this expression the influence functional can be derived
in the usual way [2], leading to (13).

(A3)

APPENDIX B: SURVIVING TERMS OF THE NIBA

It is convenient to define the sojourn index

x=X+Y (BD)
such that during a sojourn X, =Y, = % X: and the blip index
& =X —-Y. (B2)

such that during a blip X; = —-Y, = 55,. Since we will be
performing two time integrals, we will be needing the second
primitive functions K;/*, K*/" of k¥/" (1 — 5) and kR/L(t — 5).
The second primitive is defined as

K = / ddski;) (t — s). (B3)

Note that the primitive functions have an extra minus sign, due
to the fact that we are integrating over —s

c 2
I(iR/L(l) _ Z (ZLLQL) sin(wp, g/Lt)
Zmbwb_R/L

Corir) h
KR =) ( b*RgL) coth< O.k/LP R/L)cos(wb,R/Lr).
b

2mbwb_R/L 2

(B4a)

(B4b)

1. Blip-blip

We consider a blip interval that runs from a time t* to t* + At

a. Imaginary part of the action

Notice that in the same blip interval X,
the term proportional to X; X;
denote by R(@, t) = RR(ag, t) + R (ag, 1), give

:XAZ—YTZ

—Y;, hence X; X, = Y;Y; = 1 and X,Y; = Y, X; = —1. This means that
— Y;Y; in the imaginary part of the action (15) will not contribute. The remaining terms, which we

t"+Atg  pt*+Atg . 1 . , .
Ri(aj, t )—-Kf(a,)———/ / dtdski](t—s—i-aj):Z[Ki](AtB—i—aj)—i-Ki’(—AtB—i-aj)—2Ki](aj)]

Y

2Wlbl b]

1
sin(wparj) cos(wp, j Atg) — —K’(aj), (BS)

where j = R or L. We isolated the %Kij (a;) term to anticipate a cancellation with sojourn-sojourn terms.
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b. Real part of the action
For the real part, all terms contribute. The result is C(a, Atg) = CR(ag, Atg) + CE(ay, Atg), with

) 1 t*+Atg  pt .
C/(a, Atp) = 7 / f dtds[ij(t —8)+ k@t —s+a)+k(t—s— a)]

1 . . A A ‘
= [~ 2K/(Atp) +2K7(0) — KJ(Aty + o) = K} (At — @) + 2K/ (@)]
1 C?. h
L i T (wb,, B ) [cos(wp,ja) + 1][1 — cos(epjAg)]. (B6)
Zmb,ja)b’j 2

2. Blip-sojourn

We consider a blip interval running from t* — At to t* and the ensuing sojourn interval from ¢* to t* + At,.

a. Imaginary part

The contribution from the imaginary part of the action is x£X_ (&, Atg), X_(@, Atg) = XR(ag, Atg) + XE(ay, Atg) with

) 1 t*+ At t* . . .
Xi(a,AfB)sz dtf ds[ZkiJ(t—s)—kl-](t—s+(x)—kif(t—s—a)]
t* Atg

1 ) ) ) . ) )
= Z(ZK,/(Ats) — 2K/ (Ats + Atg) + 2K/ (Atg) — 2K/ (0) — K/ (Ats + «) + K (Ats + Atg + )

— K/ (Atg + o) + K/ (@) — K/ (Ats — ) + K/ (Ats + Aty — «) — K/ (At — &) + K/ (—a)). (B7)

Following the NIBA, we have K;(Ats) = K;(Ats + Atg) = K;(Ats + Atg + «), which leads to a significant simplification in the
above equation, we find

) 1 . .
X/ (o, Atg) = Z[ZKiJ(AtB) — K/ (Aty — @) — Ki(Atg + )] (B3)
! Cis Atp)[1 B9
= — 1 —
52 2 ] (@A = cos(@n ) (B9)
b. Real part

The real part gives x£F_(&, Atg), F_(@, Atg) = FR(ag, Atg) + FE(ay, Atg)

) 1 t*+Atg r* ) )
Fl(a, Atg) = ngf dt/ ds[kl(t —s+ o) — k(@ —s—a)]
t*

t*—Atg

1 A . . ‘
= Zxé(K,’(Ats +a) + K/ (Atg + a) — K/ (Atp + Ats + @) — K/ (a)

— K/(Ats — ) — K/ (Atg — a) + K] (Atg + Atg — @) + K/ (—)). (B10)

Under the same argument as for the imaginary part, we get
Fl(a, Atg) = 1(KJ(AIB—l—oz)—Kf(AtB—oz)) (B11)
- Z ;ifb’; (“”’;ﬁ ) sin(wpAtg) sin(wpa). (B12)

3. Sojourn-blip

The blip interval runs from * — At to t* and the blip interval ¢* to t* + At,,.
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a. Imaginary part

This calculation is similar to the blip-sojourn term, but with less cancelations.

1*+Atp t* ) ) )
dt/ ds[2k/(t —s)+ K/t —s+a)+ k(@ —s—a)]
t

*—Atg

X! (a At)—l/
+ b b_4

t*
1 ) ) ) ) ) )
= Z(21(5(Az5) — 2K/ (Ats + Atg) + 2K/ (Atg) — 2K/ (0) + K/ (Ats + @) — K/ (Ats + Aty + )
+ K/(Atg+ @) — K/ (@) + K/ (Ats — ) — K/ (Ats + Aty — @) + K/ (Atg — &) — K/ (—a)). (B13)
Again, under NIBA, we have Kl:j(AtS) = Klzi(Ats) = K[j(AtS + AIB)I(IJ(AtS + Atg + o), which gives

1 ) ) ) 1
X (a, Aty) = Z[21<if(AtB) + K/ (Atp — a) + K/ (Atg + )] = 3 Z

(Cp,)?
2m;,a)2

sin(wp Atg)[1 + cos(wpa)]. (B14)

b. Real part

) 1 t*+Atg t* ) )
Fl(OI’Atb)ZzXff dtf ds[—ki(t—s—i—a)—l—ki(t—s—a)]
t* t

*—Atg
1 . . . .
= ng( — K/(Ats + @) — K/ (Atg + ) + K/ (Atg + Ats + ) + K/ (@)
+ K/(Ats — a) + K/ (At — @) — K! (At + Ats — ) — K/ (—a)). (B15)

Under the same argument as for the imaginary part, we get

Fl(a, Aty) = 1(—Kf(At +a)+ K/ (Atp —a)) = lz(cb’f)z coth ( 221 sin(w, Atg) sin(wpat) (B16)
+,b—4 » (Alp - (Alp =3 2mbw2 3 (ZAN):] b ).

Note that Fy = —F_.

4. Sojourn-sojourn

The first sojourn interval runs from #* to t* 4+ Afg, and the blip interval t* 4 Afg, to t* 4+ Atg, + Ats,.

a. Imaginary part

We find
] 1 t*+Atg t*+Atg ) 1 ) ) )
B/(x) = 4_1/ / dtdski(t —s+a) = Z(Zl{i](a)—Kij(Ats—l—a) —Kij(—Ats—I—oc))
t* t*

L 1 (Cpj)* .

= —K:I = — ) . B17
K@) =3 ; Bme? (@) (B17)

b. Real part
) 1 t*+Atg t ] ) i
D’(a):Z/ dt/ ds(Zkﬁ(t—s)—kﬁ(t—s%—ot)—kﬁ(t—s—oe))
t* t*

= 41-‘(219"(0) — 2K/ (Ats) + K/ (Ats + ha) — K] (@) + K/ (Ats — ha) — K] (—a)) = %[K,J'(O) —K/(@)] (B18)
1 (Cp;)? wphB;
-1y Sl cot <Tj>“ _ cos(@)]. (B19)

There will also be cancellations between D and C.
5. Sojourn-(blip)-sojourn

The first sojourn interval runs from ¢* to t* 4 Atg, and the second sojourn interval from #* 4+ Atg, 4+ Atg to t* + Atg, +
Atg, + Atg,, where Atp is the duration of the blip.
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a. Imaginary part

) t*+Ats, +Atg+Ats, t*+Ats, . .
A, Az3)=—/ d:/ ds[ki(t —s+a)—k @t —s—a)]
t t*

4 *+Afs, +Aty

1
[ K/ (A + )+ K/ (At — )] = Z ﬂ cos(wpAtg) sin(wya). (B20)
4 2 2mba)b
b. Real part
) 1"+ Ats, +Atp+Ats, 1" +Ats, ) ) )
E](oz,AtB)z—/ dt/ ds[2kj(t—s)—kf(t—s—i—a’)—kﬁ(t—s—a)]
4 t +AISI+AZB *
1. . . .
= Z[K,J(Atg + &) + K/ (Atp — a) — 2K/ (Atp)]
hB;
- Z G (‘”l’f—’gf) cos(ap, j Atg)cos(wp, jor) — 1. (B21)
2mb ja)b 2
6. Transfer matrix
The generating function, using the terms calculated in the previous sections, is
+00 A n i
Gsos(@) =Y (—1) <3> /dn cdby ) exp (—ﬁe D il = rzi_1)>
n=0 Xls-ves Xn = %1, l
ey & ==l
i , . . .
xexp | - Z Z Xi&it1 X (@), Doiv2) + & XL (e, Doi) + Xixiv1 A (@, Aoia) + RV, Agy)
J=R.L i
1 j j j '
xexp | =5 D > xiEnFlg. M)+ XiEF (@) M)+ Xixin1 B (@, Agia) + Cletp. Az | (B22)
J=RL i
To express the resulting generating function in terms of a transfer matrix, it is convenient to first define for j = Ror L
+ j j 2n; (1
Z7) = X{(a, 1) + X (a, 1) = —= dw — sin(wt) (B23a)
T 0 w
_ j j 277j Q@ 1 .
Z (o, 1) = X{(a, 1) = X (o, 1) = — dw — sin(wt) cos(wa) (B23b)
T Jo @
and
+ i i 27]J @ 1 wh j
@) =C/(a,t)+D/(a,t)+ Z(a,t) = - dw — coth > [1 — cos(wt)] (B24a)
0 w
_ : . 277]' @ 1 wh j
I(e,t)= C/(a,t)+ D/ (a,t) — X(a, t) = ~ dw — coth > [1 — cos(wt) cos(wa)], (B24b)
. 0 w
which allows us to write the generating function as (18).
[
APPENDIX C: HEAT CURRENT where f; and By are the inverse temperatures of respectively

In this section we are interested in studying the heat current

between the two baths. The heat current is defined as bath.

the left bath and the right bath, and E, is the energy of the left

To our knowledge the results in this section were first

obtained in Ref. [89] although only stated for the case of

(AE,) zero level splitting. Here we rederive them using the same

I1(Bc, Br) = zllglo _—, Ch notation as in the main body of the paper. We will show that

t
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I1(B, B) = 0, which one would physically expect. It means
that in the steady state there is no heat transfer between two
baths with the same temperature. Furthermore, we calculate
the thermal conductance «, which is defined by the expansion
for small temperature differences A S in both baths

(B, B+ AB) = k AB 4+ O(AB?). (C2)

Our starting point is a result by the authors of Ref. [34] for
the form of the heat current

A\ _
M= (-) <p—rrT n p—*nl), (C3)
2) \p++rp- p++p-

p—
p++p-
state and (%)zm the heat current related to this state.

Let us introduce the characteristic functions

where

is the steady-state population of the lower qubit

Co(t) = e 1L O+Z® (C4)

Cr(t) = e iTw i), (C5)

which allow us to conveniently write the coefficients of (C3)

o0
Py = / dt Cp(t)Cr(t)e™ (C6a)
—0Q
p- = / dt C(t)Cr(t)e ™, (C6b)
—0oQ
®dCi(t .
my = —ih / dt st( )ck(t)elff (C7a)
. o dcf(f) + —iet
n, = —ih dt Ch(t)e ™, (C7b)
s dt
and
o J2Cu(t A
>t = —p? / dt ﬂc,e(z)el“ (C8a)
oo de?
o d2Cu(t A
z =K / dtﬂc,q(t)e—’“. (C8b)
oo de?

1. Two baths with the same temperatures

When both baths have the same temperatures, we expect
the steady-state heat transfer to be zero

(8, B) = 0. (€9)

Via an analytic continuation
Appendix D, we find that

argument outlined in

1 ]
P+(BLs Br) =§/dtCL(t+iA/3h)CR(t)e_ﬁ“e_eﬂR (C10)
and

. dCp(t +iABh)
7, (Bes Br) =zh/dtL—
dt
with AB = B¢ — Br. When both temperatures are equal, these
relations transform to

p+(B.B)=eFp_(B,B)

Cr(t)ei€ePr (C11)

(C12)
and

(B, B) = —e~Fm (B, B). (C13)

Equations (C12) and (C13) directly give us
g, g) = <é>2;(P7TT + pymy)
2) pr+p-
A\? <P
_ <5> o (pom +pom) =0, (€Y

2. Thermal conductance

The obtain an explicit formula for the thermal conductance
k one should expand (C3) in the difference between the
temperature of both baths A = B; — Bg. Differentiating the
denominator (A 4+ D) gives no contribution as it multiplies a
parenthesis Dy + Am |, which vanishes to zeroth order. We
can therefore write

K = )T — b4
2 _ BL p 0 p BL T

+0g, (py)mT, +p+3ﬁL(n¢)). (C15)

All terms on the right-hand side are evaluated at ;, = Bz = B.

The calculation of « is presented in Appendix E. The idea
of the calculation is to write out dg(p_)m4 and p_0dg(m4), and
to keep track how the terms generated in the partial derivatives
dg(p—) and and 9dg(mr4) change as the integral variable ¢ is
shifted to ¢ + iZif. The result is

(A>2 L (o= +dmm 4 p5). (CI6)
k=\5) — W+ T\ T P )

2) py+p- -

where C and D are the Laplace transforms of the matrix
elements defined in Eq. (20) and the accent denotes the
derivative to the first variable.

APPENDIX D: ANALYTIC CONTINUATION

Suppose that all functions are analytical in the strip 0 <
3t < liBr [note that in Appendix E of Ref. [62] the authors
assume an analytic continuation to negative imaginary values
of t; however, they consider the function G(¢) related to the
function C(t) by G(t) = e~¢®]. Then any of the integrals, say
D, can be written as

P = / dtC(t + iBrR)Cr(t + iBrh)ei < TN (D)

The exponents in C;, and Cg are sums over bath oscillators.
Each oscillator b contributes

h
Term = <— coth wbz p

(1 —coswpt) +i-sinwyt |,
mpp

(D2)

where B is Br or Br. Evaluating first oscillators in the right
bath gives

cos wy(t 4 ihB) = cos wyt cosh hwyB — i sin wpt sinh fiw, L

(D3)

sin wy(t + ihB) = sin wyt cosh hiwyB + i cos wpyt sinh fiwyB,
(D4)
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which with coth waﬁR from above can be combined into

wphiBr

cos wpt (coth cosh fiw,Br — sinh szb,BR>

wphBr
2

= cos wyt coth (D5)

i sin wpt (— coth sl sinh fiwp Br + cosh ha)bﬂR>
= —isin wpt. (D6)
Hence
Cr(t + iprh) = Cr(t) = Cr(—1). (D7)

For the oscillators in the left bath we consider

(AB = Br — Br)

Co(t + iBrh) = Ci(t — iRAP + iBLh) = Lot — ihAp)

Inserting back into the expression for D this means

P+(ﬂL,ﬂR)=/dtCL(—t+iAﬂﬁ)CR(—t)e%“€*ﬁ"- (D9)

APPENDIX E: THERMAL CONDUCTANCE
1. Partial derivative of D

For p. one finds

g, P+ = /dtaﬂL[10gCL(I)]ﬁLzﬁCL(t)CR(t)e%av (E1)
where

1
dp. log Cr(t) = Z m(1 — cos wpt)
bec <HYD

1 a);,h
2 wphip .
sinh® 7€ 2

Changing ¢t to ¢+ ifp will
o CL(—1)Cr(—t)e e =<F,
Appendix D.

The logarithmic derivative on the other hand changes in the

change Cp(¢)Cr(t )e%“
similarly as in

= Cp(—t +ihAp). (DY) convenient way:
J
05, log Cu(t + il =P) =Y @l (1 — cos wpt) ! +y° Dol s 1(=2)
ihB;BL=pB) = — wpt) ———— wpt (—
et ’ bel Ampey ' sinh’ % beL Ampep ’
h h
+ 3 2 Sinwpt (2i) coth 2 f. (E2)
4m;,a);, 2
belL
The two last terms can be compared to
1 h
o logCr(t) = 0, Z —(1 — cos wpt) coth M ~+ i sin wpt
2mbwh 2
beL
1 . wphf .
= Z (—wp sin wpt )wp, coth ——— + iwp, cos wyt |. (E3)
Zmbwb 2
beL
Equation (E2) can therefore be rewritten as
dp, log CL.(t + ili; B = B) = dp, log CL(—1; B = B) + ihds log CL(s; B = B)s=—- (E4)
We can now change the integral variable from ¢ to —¢, which gives
oy, = ~0p(pm — i [ draCuonCunre [ dracionCane i, (ES)

The sign is determined as follows: 74+ changes sign when it goes to 7|, but D does not. There is factor i/ in the definition of 74
and another one in the second term in dg, log Cy (¢ 4 i%i). Taken together this gives —(ih)(—ih) = —i.

2. Partial derivative of m,

This term can be evaluated in practically the same way as the other one. One starts from

O, = —idg (/ <0 [Cr(®)]-- > = —i</ - Cp()0g[log Cp.(2)19,[log Cr.(2)] - - > - l</ .- -CL(t)Bfﬁ[log CL)]-- )

(E6)

One now treats dg[log Cy (¢)] in the same way as in (E4). The first term will then give something proportional to {9;[log CL(O1)?
and the second something proportional to d;,[log Cy(¢)]. Combining we have

CL({9,[log CL()]}* + du[log CL(1)]) = 9,,Cr.

This means that we can write

pads(my) = —p_dg(my) — I / 13, (CL(t)Cr(t)er® f d1CL(1)Cr(t)e .

(E7)

(E8)
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The sign is determined as follows: 7| changes sign when it goes to 74, but the terms with two time derivates do not change sign.

The factors i%i and —i/ are the same as before.

3. Combination

Inserting (ES) and (ES8), using that

5 [anacimicuoe = ¢'0.0 (E9)
%/dtan[CL(t)]CR(t)e%“ =B"(0,0) (E10)
and symmetrizing one has
(hA)Z 1234 N/ ~/ 1
=————[p+57(0,0) + 4B°(0, 0)C'(0, 0) + p_C"(0, 0)]. (EID)
4py +p-)
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